The effect of UV irradiation on the structure and properties at elevated temperature of a "linear polyethylene-nanosized silicon dioxide" crystallising system V.P. Gordienko It is well known that change in the structure of crystallising polymers at different levels of its organisation and in their properties can be achieved under a thermomechanical load [1] [2] [3] and by UV irradiation [4, 5] . These effects are reinforced by introducing solid inorganic additives into the crystallising polymers [3, 4, 6, 7] . Nanosized disperse compounds, including silicon dioxide, have recently been used as such additives [8] . Here, on account of mechanochemical and photochemical processes, oxidation, degradation, crosslinking, and other transformations of the macromolecules occur [1] [2] [3] [4] [5] [6] [7] . Some of these processes take place when additives are introduced into polymer melts and homogenised [3] .
The formation of chemical bonds between the components in polymers with inorganic additives under thermomechanical and photochemical action should be most effective from the viewpoint of modifying the properties of the polymeric materials [9] . There have been suggestions that such bonds may be formed, but evidence for the existence of chemical bonds between macromolecules and the surface of inorganic additives after thermomechanical treatment and UV irradiation of these systems has been given only for certain materials [10] [11] [12] [13] [14] .
The aim of the present work was to show the effect of nanosized silicon dioxide and UV irradiation on the thermal stability of the crystal structure and the properties of linear polyethylene at elevated temperatures.
Composites based on high-density polyethylene (PE) with a viscosity-average molecular weight of 9.5 x 10 4 and a degree of crystallinity of 54% were investigated. Silicon dioxide (pyrogenic silica "Asil-300" with a specific surface of 329 m 2 /g and a particle size of 20-40 nm) was used as the additive. The additive was introduced into the PE in a quantity of 0.5-0.7 vol%. The components were mixed in the form of dry powders and in polymer melt. Homogenisation of the additives in polymer melt was carried out on a Brabender plastograph for 40 min at a temperature of 453 K. Such conditions for combination of PE with silicon dioxide made it possible to obtain a root mean square deviation of the additive particle distribution in the polymer of 0.85-0.90, which indicates a high homogeneity of the composites [15, 16] . A polymer not containing additives was processed under similar conditions. The specimens for investigation comprised films of 50 ± 5 µm thickness and 200 ± 10 µm thickness, and also pellets of 10 mm diameter T/10 and 3 ± 0.1 mm thickness, obtained by hot pressing under a pressure of 35 MPa at a temperature of 443 K for 20 min. The specimens were subjected to the unfiltered radiation of a DRT-1000 mercury-quartz lamp in an air atmosphere for 20-120 h at a temperature of 298 ± 5 K with periodic flipping, just as in Gordienko and Dmitriev [12] .
IR spectroscopic investigation of the structure of obtained PE specimens was conducted on a Specord M-80 spectrophotometer using the differential method of recording (DMR) the IR spectra, which had previously performed reliably for establishing the interaction between disperse additives and polymer [12] [13] [14] . The DMR procedure makes it possible to balance the composition of the composite materials and to show only those factors acting on these materials (thermomechanical, photochemical). The IR spectra are recorded at room temperature. Determination of the content of gel fraction and the amount of graft polymer on particles of the additives was done by extracting unbound PE macromolecules and free nanosized silicon dioxide particles with boiling toluene to a constant weight of the residue.
An X-ray diffraction investigation of the crystal structure of PE specimens was carried out on a DRON-3 diffractometer equipped with a heating cell. Optical microscopic investigation of the structure of PE specimens was conducted on an MIN-8 microscope in polarised light with the use of a heating stage.
The tensile stress causing failure s f and the Vicat softening point T V of the PE-based composite materials were determined. The s f of the PE specimens was measured using an EZ-40 universal tensile testing machine equipped with a heating chamber, with a clamp speed of 50 mm/min. The T V was determined from the softening point of the thermoplastic materials under a load of 1 kg on an indenter of 1 mm 2 area at a heating rate of 2 K/min [17] . To calculate the physicomechanical characteristics of the PE composites, the values of seven parallel specimens were used.
IR spectroscopic investigation of the structure of PESiO 2 composites showed the presence of new absorption bands, the position and intensity of which depended on the amount of additives introduced.
The introduction into PE of up to 2% nanosized SiO 2 leads to the appearance in the IR spectra of absorption bands at 475 cm −1 and 810 cm −1 and a broad 1000-1200 cm −1 band with a maximum at 1120 cm
. Absorption at 475 and 810 cm −1 belongs respectively to deformation and symmetrical stretching vibrations of Si-O bonds of the silicon-oxygen skeleton [18, 19] , and in the 1000-1200 cm −1 region is due to asymmetrical stretching vibrations of Si-O bonds (1050-1080 cm
and to deformation vibrations of the -OH in silanol groups at 1120 cm −1 [20] .
Increase in the amount of SiO 2 in PE leads to the appearance in the IR spectra of the composites of a band at 500-515 cm −1 and to an increase in absorption in the 1000-1300 cm −1 region, while introduction into the polymer of the indicated additive (up to 7%) causes the formation of two intense bands in the 1020-1080 and 1240-1280 cm −1 regions. The appearance of absorption bands in the 1000-1300 cm −1 region that are more intense than the bands of the corresponding carbon bonds is characteristic of the IR spectra of organosilicon compounds containing ≡Si-O-R groups (1020-1080 cm
) and ≡Si-R groups (1240-1280 cm
), where R is an alkyl. Intense absorption at 1000-1020 cm −1 is ascribed by Akishin et al. [21] to crosslinked structures of the Si-(CH 2 ) n -Si type. Changes in the IR spectra of PEs containing nanosized SiO 2 can be attributed to the formation of polymer-additive chemical bonds under thermomechanical load during the production of the composites. This assumption is also confirmed by the appearance in the PE composites at SiO 2 concentrations higher than 3.0% of an absorption band at 500-515 cm
, which relates to stretching vibrations of the Si-C bonds [18] .
UV irradiation of PE composites with SiO 2 for up to 40 h has little effect on the position and intensity of the absorption bands in the IR spectra related to sections of macromolecules or their fragments chemically bound with the surface of nanosized particles of the additive. However, UV irradiation for over 80 h is accompanied with an increase in absorption in the IR spectra at 1020 and 1270 cm −1
. It seems that, during UV irradiation, PE macromolecules continue to be grafted to the surface of the nanosized SiO 2 particles. Here there is an increase in the relative content of structures of the Si-O-C and -(CH 2 ) n -Si type [18] .
Thus, the data presented above indicate that, in the process of the introduction of nanosized silicon dioxide into a PE melt, owing to thermomechanical action, and also under UV irradiation of the indicated composites, chemical interaction of polymer macromolecules with the surface of the inorganic additive occurs.
The results of IR spectroscopic investigation of the chemical interaction of PE macromolecules with the surface of nanosized SiO 2 particles in the process of mechanochemical and photochemical transformations are confirmed in gel-sol analysis of the indicated system by the amount of graft polymer and the content of gel fraction of the polymer as a function of the additive concentration and the UV irradiation time of the investigated composites ( Table 1) .
After burning of the gel fraction of composites of PE with SiO 2 at a temperature of 873 K, it was established that the amount of graft polymer increases with increase in the concentration of nanosized additive and with increase in the UV irradiation time of the investigated composites. Here, the content of gel fraction in all cases is lower than the amount of graft polymer on nanosized SiO 2 particles. The maximum values of the graft polymer and gel fraction (P = 31%, G = 27%) are observed for a PE containing 5% SiO 2 in the case of UV irradiation for 120 h. Increase in the concentration of nanosized additives in the PE to 7% led to practically no appreciable increase in amount of graft polymer or gel fraction content. For specimens of composites of PE with SiO 2 that were obtained by mixing of dry powders, the changes described above in the molecular and supermolecular structure were extremely slight.
On the basis of the above, it can be considered to have been proven that some PE macromolecules are chemically bound with the surface of the nanosized SiO 2 particles after thermomechanical and photochemical action on the polymer composite. These particles are also probably bound with the three-dimensional network of the polymer. It is also evident that some of the energy of UV radiation is consumed not on photooxidation and photodegradation of the polymer [4, 5] but on photocrosslinking of PE macromolecules and their chemical grafting to the surface of the nanosized SiO 2 particles.
The structure formation of PE containing nanosized additives during cooling of the polymer melt may begin with the crystallisation of the macromolecules chemically bound with the surface of solid SiO 2 nanoparticles. Such an assumption for PE containing highly disperse filler was made earlier [10] and can be fully realised in polymer composites with nanosized SiO 2 . Here, polymer crystallisation induced by solid silicon dioxide nanoparticles under conditions of chemical grafting of macromolecules to the surface of these particles and the three-dimensional network leads to the formation of a crystal structure of the PE that is stable at elevated temperature.
X-ray diffraction analysis of PE specimens at a temperature of 423 K showed (Figure 1 ) that the structures of the UV-irradiated initial polymer in the crystalline state and the polymer containing nanosized silicon dioxide nanoparticles differ considerably.
On the X-ray diffraction patterns at a temperature of 423 K of the initial PE and of the UV-irradiated polymer not containing nanosized SiO 2 additives, only a diffuse maximum is observed, which corresponds to the amorphous state of the polymer, with the scattering angle 2θ slightly displaced towards lower values by comparison with the same maximum at a temperature of 298 K, the apex of which corresponds to 2θ = 19.5° [22] . At the same time, for UV-irradiated polymer containing nanosized silicon dioxide additives, besides a diffuse maximum lying at the same 2θ values, low-intensity reflexes of crystalline formations of PE from the 110 plane (2θ = 21.5°) and 200 plane (2θ = 23.8°) can be seen on the diffraction patterns ( Figure 1 ).
It should be noted that a temperature of 423 K exceeds the equilibrium temperature of melting of polyethylene [23, 24] , while residues of the crystal structure of the PE at this temperature are persistently observed in a polymer containing a nanosized SiO 2 additive during UV irradiation for 80-120 h.
Thus, in a melt of PE partially crosslinked by UV irradiation and containing nanosized SiO 2 particles there are ordered regions of polymer. Assessment of the degree of crystallinity of PE at a temperature of 423 K showed that, for a polymer containing 3-5% nanosized silicon dioxide, during UV irradiation of composites for 80-120 h, the values of this parameter lie in the 7-18% range, i.e. can reach 33% of the degree of crystallinity that the initial PE has at a temperature of 298 K.
Such thermal stability of the PE crystalline formations should, it seems, be attributed to possible superheating of polymer crystallites under conditions of their stabilisation by chemical grafting to the surface of SiO 2 nanoparticles, and also the three-dimensional network formed during Table 1 . The influence of the concentration of nanosized SiO 2 (ϕ) and the time of UV irradiation of PE with 5% additives (t) on the amount of graft polymer (P) and the gel fraction content of the polymer (G) in the composites (2) with UV irradiation for 120 h UV irradiation of the composites. The proneness of the PE crystals to superheating on account of crosslinks in the polymer was observed in Takamizawa et al. [25] . Furthermore, X-ray diffraction analysis established [26] that in polydimethylsiloxane subjected to crosslinking, the crystal structure is retained at a temperature exceeding the temperature of melting of the polymer by 70 K. The cause of this effect is believed by Delides and Shepherd [26] to be the existence in the polymer of a threedimensional network and local stresses arising during the formation of bubbles, around which the discovered crystalline formations are localised.
The fact that, after UV irradiation of the composites, the crystalline formations in PE containing nanosized SiO 2 are retained at a temperature exceeding the temperature of melting of the polymer is confirmed by direct observation in polarised light of birefractive structures resembling spherulites (Figure 2) .
A similar pattern was observed by Mandel'kern [27] for crosslinked linear PE, which was attributed to molecular ordering in the liquid state under conditions of fixing of the crystal structure of the polymer by crosslinking.
The results of investigating the thermal stability of the crystal structure of PE containing nanosized SiO 2 particles after UV irradiation showed that ordered formations of the polymer are extremely stable at a temperature of 423 K and are retained for a fairly long time (hours). Increase in temperature to 453 K promotes the gradual disappearance of birefringence in UV-irradiated polyethylene containing nanosized SiO 2 particles. Here, on the diffraction patterns, only the characteristic amorphous halo is observed, and crystal reflexes of PE are absent. Recooling of PE specimens to 423 K does not restore the crystallinity of the polymer at this temperature.
On the basis of results obtained in the present work, it is possible to conclude that superheating of crystallites in UV-irradiated polyethylene containing nanosized SiO 2 additives is possible owing to a combination of several factors. The formation and stabilisation of crystallites in the polymer melt under the influence of the solid surface of nanosized SiO 2 are necessary but insufficient conditions for thermal stability of crystalline formations of the PE.
This factor is most effective under conditions of chemical interaction of macromolecules with the surface of SiO 2 nanoparticles. Simultaneously with chemical grafting of the polymer to the surface of the indicated nanoparticles, UV radiation creates a three-dimensional network of crosslinks localised mainly in the amorphous interlayers of the PE and at the boundaries of its crystallites. Under such conditions, the rearrangement of polymer crystallites even at a temperature exceeding the temperature of melting of PE is extremely difficult.
It must also be pointed out that the increased thermal stability of PE crystallites may be due to the stress state of "continuous" polymer molecules in the amorphous regions. The presence of nanosized SiO 2 particles and intermolecular crosslinks in the polymer, localised in its amorphous regions, inevitably leads to an increase in stress of the "continuous" chains. At the same time, it is well known [24, 28, 29] that oriented polymers in a stress state undergo melting at higher temperatures than unstressed specimens. Furthermore, the elimination of amorphous regions and defective surfaces of PE crystals by etching made it possible to reduce their superheating [30] . Here, the temperature of melting of the PE crystals decreased from 425 to 407 K.
The above factors promote thermal stability of the crystal structure of the polymer. As a result, structural regions are formed in the polymer that retain their local ordering at temperatures exceeding its equilibrium temperature of melting. In the present work, this effect was shown convincingly for the case of linear PE containing nanosized SiO 2 particles after UV irradiation.
The presence of highly ordered formations in the melt of UV-irradiated polyethylene containing nanosized SiO 2 particles should have a strengthening effect under loads on such composite material specimens at a temperature exceeding the equilibrium temperature of melting of the polymer. It is of interest to investigate the strength of PE at a temperature of 423 K and the softening point as a function of the content of nanosized SiO 2 and the UV irradiation time. In Figure 3 it can be seen that the stress causing failure at a temperature of 423 K of UV-irradiated (120 h) PE specimens increases most intensely up to a content of nanosized SiO 2 of 3%, subsequently increasing to a lesser degree. When 5-7% SiO 2 is introduced into the PE and with UV irradiation of the composite material for 120 h, the stress causing failure at a temperature of 423 K lies at a level of 3.9-4.3 MPa. Furthermore, a polymer containing nanosized SiO 2 is significantly superior in strength to the initial PE at a temperature exceeding the equilibrium temperature of melting of the polymer. Thus, in the 20-120 h UV irradiation range, PE containing 5% nanosized SiO 2 has a tensile stress causing failure that is 5.5-9.0 times higher than that of the initial polymer ( Figure 3 ). Table 1 and in Figure 3 indicates that increase in the tensile stress causing failure of UV-irradiated specimens of PE containing nanosized SiO 2 at a temperature of 423 K is determined mainly by local ordering of the polymer in the melt. Such temperature-stable crystalline formations reinforcing the polyethylene melt arose as a result of grafting of macromolecules to the surface of nanosized SiO 2 particles owing to thermomechanical treatment and UV irradiation of the composites, and also stabilisation of the ordered regions of the polymer by the solid surface of the nanoadditive and by the three-dimensional network.
An analysis of the results presented in
UV-irradiated polyethylene containing a nanosized SiO 2 additive also possesses a higher softening point by comparison with the initial polymer. Figure 3 gives the dependence of the Vicat softening point of polyethylene on the content of nanoadditive and the UV irradiation time of composite materials. It can be seen that the softening point of the initial polyethylene can be increased both by introducing nanosized SiO 2 and by the UV irradiation of the initial polymer and the polymer containing the nanoadditive. The introduction of up to 7% SiO 2 increases the softening point of polyethylene by 18 K. UV irradiation of the initial PE increases its softening point slightly: with 120 h irradiation, by a total of 8 K. Under the same conditions of UV irradiation, the softening point of the PE + 7% SiO 2 system increases by 36 K. Increase in the softening point of polyethylene when nanosized SiO 2 is introduced and during UV irradiation of the initial polymer and its composites correlates largely with the change in the molecular and supermolecular structure of the polymer.
From the data shown in Figure 3 , it follows that the introduction of nanosized SiO 2 into PE and the UV irradiation of the composite materials make it possible to increase their softening point considerably. The predominant factor in this case is the introduction of the nanosized additive. The maximum increase in the softening point of material based on linear polyethylene up to 406 K is observed when 7% nanosized SiO 2 is introduced into the polymer and with UV irradiation of this composite material for 120 h.
T h e c o n d u c t e d i n v e s t i g a t i o n o f l i n e a rpolyethylene-based composite materials with different physicomechanical properties showed that the introduction of nanosized SiO 2 into the polymer with subsequent UV irradiation of these materials is an effective method of increasing the stability of nanocomposites at elevated temperatures. The primary factor determining the resistance of the nanocomposites to elevated temperature is the formation of chemical bonds between the components of the system: the macromolecules of the polymer and the nanosized inorganic additive. Such bonds arose under thermomechanical action when the additive was introduced into the polymer melt and by the action of UV irradiation on the nanocomposites. Here, UV irradiation also results in the formation of intermolecular crosslinks and a three-dimensional network in the PE. Such transformations in the structure of the crystallising polymer lead to thermal stability of its ordered formations and as a result to increased strength of the material at a temperature exceeding the equilibrium temperature of melting of the polymer, and also to increase in its softening point.
rEFErENCES Figure 3 . The dependence of s t of polyethylene at 423 K (1, 3, 5) and its T V (2, 4, 6) on the SiO 2 content (ϕ) after UV irradiation for 120 h (a), and also of initial PE (3, 4) and of PE containing 5% SiO 2 (5, 6) on the time (t) of UV irradiation (b) 
